Abstract-The complement cascade has been implicated in ischemia/reperfusion injury, and recent studies have shown that complement inhibition is a promising treatment option for acute stroke. The development of clinically useful therapies has been hindered, however, by insufficient understanding of which complement subcomponents contribute to post-ischemic injury. To address this issue, we subjected mice deficient in selected complement proteins (C1q, C3, C5) to transient focal cerebral ischemia. Of the strains investigated, only C3 Ϫ/Ϫ mice were protected, as demonstrated by 34% reductions in both infarct volume (PϽ0.01) and neurological deficit score (PϽ0.05). C3-deficient mice also manifested decreased granulocyte infiltration (PϽ0.02) and reduced oxidative stress (PϽ0.05). Finally, administration of a C3a-receptor antagonist resulted in commensurate neurological improvement and stroke volume reduction (PϽ0.05). Together, these results establish C3 activation as the key constituent in complement-related inflammatory tissue injury following stroke and suggest a C3a anaphylatoxin-mediated mechanism. (Circ Res. 2006;99:209-217.)
I nflammation contributes to progressive neurological injury following experimental stroke. 1, 2 The complement cascade is integral in initiating and modifying the inflammatory process through its influence on adhesion molecule upregulation, neutrophil chemotaxis, platelet activation, and generation of reactive oxygen species. 3, 4 It follows that complement might play a deleterious role in cerebral ischemia/ reperfusion (I/R) injury. To date, however, the precise contribution of the complement cascade to progressive neurological injury following cerebral I/R remains undefined.
Although early work involving pharmacological complement inhibition using cobra venom factor 5, 6 and C1-esterase inhibitor 7, 8 suggested that complement activation contributes to cerebral I/R injury, subsequent studies using the more specific complement inhibitor, soluble complement receptor-1 (sCR1), demonstrated only modest reduction of cerebral infarct volume. 9 However, given the relative lack of specificity of these agents, it is unclear which complement components are critical to the pathogenesis of cerebral I/R injury or whether the protective benefits occur through a complement-independent mechanism.
To address this, we subjected mice genetically deficient in selected complement components (C1q, C3, C5) to focal cerebral I/R injury. Semiquantitative immunohistochemistry was used to confirm that complement cascade activation was suppressed as expected. In the case where genetic deletion suggested neuroprotection, knockout animals were reconstituted with deleted protein to demonstrate loss of protection; furthermore, wild-type (WT) mice were treated with a specific antagonist to the receptor for the cleavage product of the protein. Granulocyte infiltration was quantified immunohistochemically, and free radical production and lipid peroxidation were assessed by determining cerebral malondialdehyde (MDA) levels.
Materials and Methods

Mice
All experiments were approved the Columbia University Institutional Animal Care and Use Committee. Male C1qa Ϫ/Ϫ , C3 Ϫ/Ϫ , and C5 sufficient/deficient mice (The Jackson Laboratory, Bar Harbor, Me) were backcrossed into the C57BL/6 background for 10 generations. 10, 11 All experimental animals were aged 8 to 10 weeks and weighed between 22 to 26 g at operation. They were housed in certified barrier facilities in microisolator cages with free access to food/water on a 12-hour light/12-hour dark cycle. The operator was blinded to the genotype of experimental animals at all times. Genotype was confirmed by polymerase chain reaction following backcrossing.
Murine Model
Studies used the intraluminal filament model described previously, with minor modifications. 12 Briefly, mice were anesthetized with inhaled isoflurane. Middle cerebral artery occlusion was performed by advancing a heat-blunted, silicon-coated 7-0 nylon monofilament to the middle cerebral artery origin. Following 60 minutes of ischemia, the occluding filament was withdrawn to establish reperfusion.
Transcranial cerebral blood flow (CBF) was measured using laser-Doppler flowmetry (Periflux System 5000, Perimed Inc), 13 with 0.5-mm flexible fiberoptic Doppler probes (Perimed) attached to intact skull over previously published landmarks. Strict criteria were used to prospectively exclude animals that do not experience adequate CBF drop-off.
A separate cohort of animals was subjected to middle cerebral artery occlusion and used to obtain physiological parameters. Mean arterial blood pressure, pH, PaO2, and PaCO 2 recorded pre-ischemia, intraischemia, and post-reperfusion were compared between groups.
Reagents
Primary antibodies and reagents used for immunohistochemistry were commercially available. These include anti-Microtubule Associated Protein (MAP-2) (Sigma, St Louis, Mo), monoclonal anti-C1q (Connex GmbH, Martinsried, Germany), monoclonal anti-C3 (Connex GmbH), anti-C5 (Santa Cruz Biotechnology, Santa Cruz, Calif), anti-Ly-6G (BD-Pharmingen, San Diego, Calif), and Neurotrace 640/660 Fluorescent Nissl (Molecular Probes, Eugene, Ore). Secondary antibodies included: Alexa Fluor-488 or -594 -conjugated anti-mouse IgG, anti-rat IgG, and anti-goat IgG (Molecular Probes).
Immunohistochemistry
Mice underwent focal cerebral ischemia and were euthanized after 24 hours. Following transcardiac PBS perfusion, brains were rapidly harvested, fixed in 4% paraformaldehyde, and cryoprotected. Brains were frozen in Optimal Cutting Temperature Compound, placed at Ϫ80°C and cut using a cryostat (20-m coronal sections).
For immunofluorescent staining, sections were blocked with the secondary antibody-appropriate serum (10% donkey serum) with 0.2% Triton X-100 for 30 minutes at room temperature. Primary antibodies were diluted in PBS containing 0.2% Triton X-100. Sections were washed and incubated with secondary antibodies for 1 hour. Nissl was used for counterstaining. Sections were then mounted on slides in Vectashield (Vector laboratory) and visualized using a Bio-Rad 2000 confocal laser-scanning device with a Nikon E800 microscope.
Primary antibody specificity was confirmed by visualizing infarcted tissue from C57Bl/6 mice incubated with only secondary antibodies using confocal microscopy. To further confirm complement antibody specificity, infarcted tissue from C57Bl/6 mice stained with primary antibodies was blocked with the following peptides: purified human C1q protein (Quidel Corp, San Diego, Calif), C3 blocking peptide, and C5 blocking peptide (Santa Cruz Biotechnology). In all cases, peptide blocking abolished complement antibody staining.
Necrotic core was further identified by regional loss of MAP-2 immunopositivity, which has been demonstrated as an early immunochemical marker of ischemic neuronal injury. 14 Cells were identified as neurons based on morphology/size on light microscopy and presence of remnant MAP-2 immunopositivity surrounding Nisslstained nuclei in fluorescence microscopy.
Semiquantitative analysis of immunohistochemistry was performed to assess total complement immunopositivity. Multiple (10 to 15 images per slide) nonoverlapping ϫ40 medium-power fields were imaged to cover the entire infarct. Adobe Photoshop version 5.5 was used to acquire and process the images, which were then analyzed using Image Pro-Plus 4.5 (Media Cybernetics, Silver Spring, Md) software. Percentage area occupied by positive immunostaining was calculated for each image, and mean value for each animal was determined by averaging values from all images taken from that animal.
Infarct Volume and Neurological Function Assessment
Stroke outcomes were assessed at 24 hours post-ischemia using both cerebral infarct volume and a 4-tiered neurological score. A score of 1 reflects normal spontaneous movements; 2 indicates the animal was circling clockwise; 3 indicates the animal was observed to spin clockwise longitudinally; and 4 reflects an animal was unresponsive to noxious stimuli. This scoring system has been described previously in mice. 13 For both primary outcome assessments, mice were compared with their respective WT controls. All assessments were conducted by an observer blinded to the identity of individual animals. Following neurological examination, mice were euthanized, and 1-mm sections of brain were stained with TTC. Infarct volumes were calculated by 2 blinded independent observers and expressed as percentage of the ipsilateral hemisphere occupied by infarct. 13 
Reconstitution of C3
؊/؊ Mice
To purify murine C3, 20 parts murine plasma was treated with 1 part inhibitor containing 1 mol/L KH 2 PO 4 , 0.2 mol/L Na4EDTA, 0.2 mol/L benzamidine, and 1 mmol/L phenylmethanesulfonyl fluoride (PMSF). C3 was precipitated from plasma first with 4.5% polyethylene glycol (PEG) and then with 12% PEG at 0°C. The pellet was dissolved in buffer A (20 mmol/L Na 2 HPO 4 , pH 7.4) and loaded onto a DEAE 40HR column (5ϫ6.3 cm; Waters) preequilibrated with buffer A. The bound proteins were eluted using a 0 to 0.5 mol/L NaCl linear salt gradient. Fractions containing C3 were detected by SDS-PAGE and immunodiffusion, dialyzed against buffer A, loaded onto a Mono Q HR 10/10 column (Amersham Pharmacia Biotech) and eluted with a linear salt gradient to 0.5 mol/L NaCl. Homogeneous C3 fractions were identified by SDS-PAGE and immunodiffusion, pooled, and dialyzed against PBS (10 mmol/L Na2HPO4 and 145 mmol/L NaCl, pH 7.4). Using this method, we obtain a purified C3 containing 80% native C3 and 20% C3(H 2 O) by analyzing the protein sample on a Mono S column (Amersham Pharmacia Biotech). 15 C3-containing fractions are tested for reactivity with a specific anti-mouse C3 antibody using Western blot and hemolytic activity, according to the method of Sahu et al using rabbit erythrocytes and C3-deficient mouse serum reconstituted with the purified C3 preparation. 16 C3 reconstitution was performed by blinded administration of a single 0.5-mg IP injection of purified murine C3 to C3 Ϫ/Ϫ mice 30 minutes before ischemic induction. An additional cohort of C3 Ϫ/Ϫ mice received equal volumes of pH-matched saline.
Assessment of Infiltrating Granulocytes
C3
Ϫ/Ϫ mice (nϭ7) and their WT littermates (nϭ9) underwent focal cerebral ischemia as described above and were euthanized after 24 hours. Tissue sections were prepared as detailed above using anti-Ly-6G primary antibody. An observer blinded to the identity of the mice counted Ly-6G ϩ cells in 5 representative medium-power fields (ϫ40 objective) in each of 4 sections from each mouse. The fields were chosen in the ischemic region in an anatomically consistent manner between mice. Results are reported as mean number of cells per field in both ipsilateral and contralateral hemispheres.
Assessment of Brain MDA Levels
Mice used in this portion of the experiment were euthanized after 24 hours. Brains were snap frozen in liquid nitrogen and stored at Ϫ80°C until assayed. Using commercially available kits (Oxis Bioxytech, Montreal, Canada), MDA levels were measured in ipsilateral and contralateral hemispheres to quantify oxidative stress damage, and results are expressed as the ratio of MDA in the ipsilateral/contralateral hemispheres. 17
C3a-Receptor Antagonist Experiments
C3a-receptor antagonist (C3aRA) (SB290157), purchased from Calbiochem (Darmstadt, Germany), 18 has been shown to specifically block C3a-mediated effects in rodent disease models. 19 Lipopolysaccharide (LPS) content was analyzed using a limulus assay (Pyrochrome) and was Ͻ1.5 ng/mg protein. C3aRA or equal volume of vehicle (10% EtOH in PBS) were administered via intraperitoneal injection (1 mg/kg) to C57Bl/6 mice in a blinded fashion 45 minutes before ischemia.
Statistical Analyses
Between-group analyses of semiquantitative immunostaining data were performed using ANOVA and multiple post hoc comparisons with a Bonferroni correction. Mortality was compared using 2 analysis. All other between-group differences were made using 2-tailed unpaired Student's t tests. All values are expressed as meansϮSE, with PϽ0.05 considered statistically significant.
Results
There were no significant differences in animal weight between any cohorts. Analysis of physiological parameters performed on a separate cohort of mice demonstrated no significant differences in mean arterial blood pressure, pH, PaO2, PaCO 2 , and rectal temperature between any groups at any time point in the experiment. Continuous transcranial Doppler recordings of CBF demonstrated equivalent blood flow between groups at all time points. Additionally, there were no statistical differences in the number of animals in each group that were excluded for failure to meet CBF criteria. 
Immunohistochemical Staining for Complement Components in WT Mice
Examination of immunostained uninjured C57Bl/6 mouse brain sections revealed normal nuclei surrounded by abundant MAP-2-staining processes, representing dendrites and cell bodies. In all cases, by 24 hours post-insult, cerebral ischemia caused profound focal reduction of MAP-2 immunostaining in the ipsilateral, but not contralateral, hemisphere (Figure 1 ). Nissl staining demonstrated widespread nuclear pyknosis and karyorrhexis limited to the infarct.
Immunofluorescent staining for C1q, C3, and C5 in brains of C57Bl/6 mice at 24 hours post-ischemia revealed positive staining for these components in the infarct (Figure 2c, 2g,  2k) . No immunopositivity was visible on cells in the contralateral cortex (Figure 2a, 2e, 2i) . C1q, C3, and C5 were frequently found to colocalize with MAP-2 in the infarct (Figure 2d, 2h, and 2l ). In addition, complement immunopositivity was identified on diffuse material that likely represents necrotic cellular debris. The lack of immunostaining seen in the antibody blocking experiments suggest that the complement staining in WT brains resulted from in vivo complement deposition, as opposed to artifactual deposition of complement in necrotic brain tissue from the blocking serum (data not shown).
Effects of Genetic C1q Deletion on Ischemic Brain Injury
Semiquantitative immunohistochemistry of brains taken from C1qa Ϫ/Ϫ mice at 24 hours following ischemia demonstrated negligible immunoreactivity for C1q in C1qa Ϫ/Ϫ mice (WT: 0.74Ϯ0.14%, nϭ4; C1qa Ϫ/Ϫ : 0.019Ϯ0.002%, nϭ3; PϽ0.01) (Figure 3a ). C1q deletion had little effect on C3 staining in these mice, as amount of C3 in these brains was comparable to that seen in WT mice (WT: 2.36Ϯ0.37%, nϭ4; C1qa Ϫ/Ϫ : 2.04Ϯ0.37%, nϭ3; PϭNS) (Figure 3b ). Total amount of C5 immunostaining was moderately decreased in these mice (WT: nϭ4, 0.77Ϯ0.12%; C1qa Ϫ/Ϫ : nϭ3, 0.39Ϯ0.058%; PϽ0.05) (Figure 3c (Figures 4a, 5a, and 6a ). There were no significant differences in overnight mortality between the C1qa Ϫ/Ϫ (nϭ1) and WT control (nϭ1) cohorts (PϭNS).
Effect of Genetic C3 Deletion on Ischemic Brain Injury
To explore the possibility that depletion of C3 might be required to mediate neuroprotection, we subjected C3 Ϫ/Ϫ mice to focal ischemic brain injury. Immunoreactivity for C1q in C3 Ϫ/Ϫ mice was similar to that seen in C57Bl/6 mice (WT: 0.74Ϯ0.14%, nϭ4; C3 Ϫ/Ϫ : 0.56Ϯ0.13%, nϭ2; PϭNS) (Figure 3a) . Amount of C3 in these brains was negligible (WT: 2.36Ϯ0.37%, nϭ4; C3 Ϫ/Ϫ : 0.018Ϯ0.003%, nϭ2; PϽ0.01) (Figure 3b ). The degree of staining seen in the C3 Ϫ/Ϫ infarcted hemispheres was consistent with the background staining seen in the contralateral hemisphere of C3 Ϫ/Ϫ mice and noninfarcted brain (C3 Ϫ/Ϫ contralateral hemisphere: 0.036Ϯ0.01%, nϭ2; noninfarcted WT: 0.023Ϯ0.006%, nϭ2). As well, C5 immunostaining was nearly absent in these mice (WT: 0.77Ϯ0.12%, nϭ4; C3 Ϫ/Ϫ : 0.015Ϯ0.003%, nϭ2; PϽ0.001) (Figure 3c 
1.92Ϯ0.25, nϭ9, C3
Ϫ/Ϫ : 1.26Ϯ0.12, nϭ7; PϽ0.05) compared with WT mice (Figures 4b, 5b, and 6b) . As well, C3-deficient mice exhibited a reduction in granulocyte infiltration (WT: 2.33Ϯ0.33(ipsilateral), 0.09Ϯ0.01(contralateral), nϭ9; C3 Ϫ/Ϫ : 1.19Ϯ0.22(ipsilateral), 0.10Ϯ0.01(contralateral), nϭ7; Pϭ0.02 for ipsilateral comparisons) relative to WT mice (Figure 7 ). Despite the robust protection demonstrated, there were no significant differences in mortality between the C3 Ϫ/Ϫ (nϭ2) and WT (nϭ1) cohorts (PϭNS (Figures 4c and 5c) , as well as similar infarct volumes and neurological scores as WT animals (WT: 41Ϯ3%, nϭ8, reconstituted C3 Ϫ/Ϫ : 38Ϯ4%, nϭ6; PϭNS). There were no differences in mortality between the groups receiving C3 (nϭ2) or placebo (nϭ1) in this portion of the study (PϭNS).
Effect of Genetic C5 Deficiency on Ischemic Brain Injury
Brains from C5-deficient mice were stained for C1q, C3 and C5. Neuronal localization of C1q and C3 antigen were observed in the infarct, however no C5 immunopositivity was observed. Our analysis revealed that total amount of C1q (WT: 0.74Ϯ0.14%, nϭ4, C5-deficient: 0.59Ϯ0.12%, nϭ3; PϭNS) ( Figure 3a ) and C3 (WT: 2.36Ϯ0.37%, nϭ4; C5 deficient: 2.06Ϯ0.18%, nϭ3; PϭNS) immunostaining (Figure 3b ) was similar to that seen in WT mice, whereas C5 staining was negligible (WT: 0.77Ϯ0.12%, nϭ4; C5 deficient: 0.015Ϯ0.003%, nϭ3; PϽ0.001) (Figure 3c ).
Neither infarct volume (WT: 37Ϯ3%, nϭ12; C5 deficient: 40Ϯ5%, nϭ9; PϭNS), neurological score (WT: 2.3Ϯ0.3, nϭ9; C5 deficient: 2.6Ϯ0.2, nϭ9; PϭNS), nor MDA levels (WT: 1.67Ϯ0.19, nϭ4; C5 deficient: 1.98Ϯ0.47, nϭ3; PϭNS) differed between WT and C5-deficient cohorts (Figures 4d, 5d, and 6c ). There were no significant differences in mortality between C5-deficient (nϭ6) and WT (nϭ2) cohorts (PϭNS).
Effect of C3aRA Administration on Ischemic Brain Injury
C3aRA-treated mice experienced significant reduction in infarct volumes (vehicle: 38Ϯ3%, nϭ14; C3aRA: 27Ϯ3%, nϭ11; PϽ0.05), neurological deficit scores (vehicle: 2.9Ϯ0.2, nϭ14; C3aRA: 2.3Ϯ0.2, nϭ11; PϽ0.05), and cerebral MDA levels (vehicle: 1.72Ϯ0.20, nϭ6; C3aRA: 1.01Ϯ0.18, nϭ6; Pϭ0.03) compared with vehicle-treated WT controls (Figure 8a through 8c ). There were no differences in mortality between the C3aRA (nϭ4) and vehicletreated (nϭ2) cohorts (PϭNS).
Discussion
This investigation used complement-deficient mice to evaluate the relative contributions of specific complement compo- nents to cerebral I/R injury. The study demonstrated that C3 Ϫ/Ϫ mice experienced significant neuroprotection, an effect that was annulled by reconstitution with C3 protein. However, mice genetically deficient in C1q and C5 did not experience improved outcomes when compared with WT mice subjected to cerebral I/R. This lack of neuroprotection occurred despite qualitative and quantitative immunohistochemical evidence demonstrating the expected reduction in cerebral complement deposition.
Cerebral I/R injury leads to deposition of complement components in ischemic brain tissue, 9 and many believe this accumulation plays a role in stroke pathogenesis. 6, 20 Studies of I/R in other organs have demonstrated that complement contributes to ischemic injury and that complement inhibition improves outcome. 6, 8, 9, 20, 21 Cells in the central nervous system (CNS) are capable of synthesizing a complete set of complement components and upregulating this production in response to injury. [22] [23] [24] [25] Additionally, it has been demonstrated that complement activation has deleterious proinflammatory effects in other CNS processes, such as Alzheimer disease. 26 -30 Finally, neurons in vitro are highly susceptible to complement-mediated lysis, leading to the hypothesis that complement can cause neuronal death through membrane attack complex (MAC) deposition. [31] [32] [33] C1qa Ϫ/Ϫ mice were used to assess whether C1q deletion provides neuroprotection following cerebral I/R. A role for C1q in the pathogenesis of inflammatory tissue injury has been supported by the recent discovery of C1q receptors. 34 C1q deposition has been shown to promote phagocytosis, chemotaxis, cytotoxicity, and adhesion-receptor expression. 34 Furthermore, we have recently demonstrated a C1q-mediated amplification of hypoxic-ischemic cerebral injury in immature mice. 35 In the current study, whereas our immunohistochemistry suggests that deletion of C1q reduces C5 immunopositivity, both C3 and C5 are still detected in the infarcts of C1q-deficient mice. Our results with adult knockout mice suggest that direct C1q-mediated mechanisms do not contribute considerably to neurological injury following cerebral I/R. This is consistent with the recent study demonstrating that C1qa
Ϫ/Ϫ mice were not protected from stroke. 21 Previous studies have demonstrated robust localization of C1q in the CNS and increased C1q functional activity in CSF following cerebral ischemia. 9, 36 Furthermore, early results with sCR1 were interpreted to suggest that C1q mediated post-I/R cerebral injury. 9,37 CR1, however, binds not only C1q but also C3b and C4b, facilitating factor I-mediated degradation of these proteins. 38 Therefore, our findings suggest that the modest cerebral protection afforded by sCR1 in adult mice occurs via non-C1q-mediated mechanisms. Similarly, the neuroprotection from stroke observed using C1-esterase inhibitor, long attributed to classical pathway inhibition, has now been shown to be C1q independent. 21 
In contrast, C3
Ϫ/Ϫ mice demonstrate not only a complete lack of post-ischemic cerebral C3 immunopositivity but also a marked resistance to cerebral injury as evidenced by improved stroke outcomes. Additionally, the neuroprotection observed in mice treated with the C3aRA suggests C3a-mediated events as the mechanism by which C3 causes injury in WT mice. A role for C3a receptor in post-ischemic cerebral injury is supported by its upregulation following murine stroke. 39, 40 Studies have demonstrated constitutive neuronal expression of C3aR, with profound post-ischemic upregulation on infiltrating inflammatory cells and ischemic endothelium. 39, 40 Considered together with our observation that C3
Ϫ/Ϫ mice demonstrate significantly reduced infiltrating granulocytes and decreased oxidant stress levels, and that C3aRA-administration likewise suppresses oxidant stress and improves outcome, these data suggest that C3a mediates postischemic cerebral inflammation. Furthermore, although recent evidence has led to speculation regarding receptor density-dependent effects of the C3aRA, its efficacy in ameliorating stroke outcome in our model supports our findings in C3-deficient animals and suggests a C3a-dependent neuroprotective mechanism. 41 It remains possible that the protection conferred by genetic C3 deletion was attributable to unknown effects of this manipulation; however, because reconstitution of C3 Ϫ/Ϫ animals with C3 protein results in outcome similar to WT mice, and C3aRA-treated animals demonstrate significant neuroprotection, this is unlikely. An alternative interpretation may be that C3 deletion confers protection by preventing downstream C5 cleavage, forming the potent C5a anaphylatoxin the MAC. However, our C5-deficient mouse cohort did not exhibit neuroprotection. Although this result was surprising given the potent proinflammatory effects of C5a, genetic C5 deficiency has previously been shown to negatively impact the susceptibility of these mice to cerebral injury. For example, C5-deficient mice are more susceptible to intraventricular kainate toxicity through the overproduction of proinflammatory cytokines and alterations of Ca 2ϩ influx. 42 Furthermore, work in a murine intracerebral hemorrhage model indicates that C5-deficient mice exhibit increased brain water content. 43 This evidence points to a potential difference in the function of genetic C5 deficiency in the brain than in visceral organs, where anti-C5 strategies have proven beneficial. 44 -47 Although these data clearly implicate C3 as a critical mediator of cerebral injury following stroke, the source of initial C3 activation in ischemic brain remains unclear. A recent study has identified the endothelial neoantigen that serves as a target for natural antibody that triggers complement-mediated injury in intestinal and muscle I/R. 48 Additional work has demonstrated that intestinal I/R is lectin pathway dependent and C1q independent. 49 In the present study, C1q-deleted mice demonstrate preserved C3 activation and a lack of neuroprotection, indicating that the classical pathway is not critical, at least in these deficient animals. This suggests that complement activation in stroke in all likelihood occurs either through the alternative pathway or by MBL recognition of exposed structures on ischemic cells. Although future experiments using MBL/MASP and Factor B knockouts may help address the importance of these additional pathways of C3 activation, phenotypic alterations and compensatory upregulations are likely to complicate interpretation of these findings to some degree. Furthermore, although natural antibody normally is excluded from the brain, breakdown of the blood-brain barrier occurs in many strokes. Additional studies of the role of the natural antibody in cerebral ischemia, in part through administration of a novel peptide that binds pathogenic IgM, should therefore be considered. 48 In conclusion, our results establish that C3 mediates inflammatory neuronal injury following reperfused stroke in adult mice. Given the emerging data that C3a may be more critical in the acute period following human stroke than C5a, 50 and the recent development of effective anti-C3 strategies in primates, 51 additional preclinical experimental efforts to elucidate the therapeutic window for these anticomplement therapeutics are of critical importance. 
